Fibronectin (FN) is a multidomain protein with the ability to bind simultaneously to cell surface receptors, collagen, proteoglycans, and other FN molecules. Many of these domains and interactions are also involved in the assembly of FN dimers into a multimeric fibrillar matrix. When, where, and how FN binds to its various partners must be controlled and coordinated during fibrillogenesis. Steps in the process of FN fibrillogenesis including FN self-association, receptor activities, and intracellular pathways have been under intense investigation for years. In this review, the domain organization of FN including the extra domains and variable region that are controlled by alternative splicing are described. We discuss how FN-FN and cell -FN interactions play essential roles in the initiation and progression of matrix assembly using complementary results from cell culture and embryonic model systems that have enhanced our understanding of this process.
A s a ubiquitous component of the extracellular matrix (ECM), fibronectin (FN) provides essential connections to cells through integrins and other receptors and regulates cell adhesion, migration, and differentiation. FN is secreted as a large dimeric glycoprotein with subunits that range in size from 230 kDa to 270 kDa (Mosher 1989; Hynes 1990) . Variation in subunit size depends primarily on alternative splicing. FN was first isolated from blood more than 60 years ago (Edsall 1978) , and this form is called plasma FN. The other major form, called cellular FN, is abundant in the fibrillar matrices of most tissues. Although FN is probably best known for promoting attachment of cells to surfaces, this multidomain protein has many interesting structural features and functional roles beyond cell adhesion. FN is composed of three different types of modules termed type I, II, and III repeats ( Fig. 1) (Petersen et al. 1983; Hynes 1990 ). These repeats have distinct structures. Although the conformations of type I and type II repeats are maintained by pairs of intramodule disulfide bonds, the type III repeat is a 7-stranded b-barrel structure that lacks disulfide bonds (Main et al. 1992; Leahy et al. 1996 Leahy et al. , 1992 and, therefore, can undergo conformational changes. FN type III repeats are widely distributed among animal, bacterial, and plant proteins and are found in both extracellular and intracellular proteins (Bork and Doolittle 1992; Tsyguelnaia and Doolittle 1998) .
Sets of adjacent modules form binding domains for a variety of proteins and carbohydrates ( Fig. 1) . ECM proteins, including FN, bind to cells via integrin receptors, ab heterodimers with two transmembrane subunits (Hynes 2002) . FN-binding integrins have specificity for one of the two cell-binding sites within FN, either the RGD-dependent cellbinding domain in III 10 (Pierschbacher and Ruoslahti 1984) or the CS1 segment of the alternatively spliced V region (IIICS) (Wayner et al. 1989; Guan and Hynes 1990) . Some integrins require a synergy sequence in repeat III 9 for maximal interactions with FN (Aota et al. 1994; Bowditch et al. 1994) . Another family of cell surface receptors is the syndecans, singlechain transmembrane proteoglycans (Couchman 2010) . Syndecans use their glycosaminoglycan (GAG) chains to interact with FN at its carboxy-terminal heparin-binding (HepII) domain ( Fig. 1 ) (Saunders and Bernfield 1988; Woods et al. 2000) , which binds to heparin, heparan sulfate, and chondroitin sulfate GAGs (Hynes 1990; Barkalow and Schwarzbauer 1994) . Syndecan binding to the HepII domain enhances integrin-mediated cell spreading and intracellular signaling, suggesting that syndecans act as coreceptors with integrins in cell-FN binding (Woods and Couchman 1998; Morgan et al. 2007) .
A major site for FN self-association is within the amino-terminal assembly domain spanning the first five type I repeats (I 1-5 ) ( Fig. 1 ) (McKeown-Longo and Mosher 1985; McDonald et al. 1987; Schwarzbauer 1991b; Sottile et al. 1991) . This domain plays an essential role in FN fibrillogenesis. As a major blood protein, FN interacts with fibrin during blood coagulation, also using the I 1-5 domain (Mosher 1989; Hynes 1990 ). As fibrin polymerizes, factor XIII transglutaminase covalently cross-links glutamine residues near the amino terminus of FN to fibrin a chains (Mosher 1975; Corbett et al. 1997) . The amino-terminal domain has multiple binding partners in addition to FN and fibrin; these include heparin, S. aureus, and other bacteria, thrombospondin-1, and tenascin-C (Hynes 1990; Ingham et al. 2004; Schwarz-Linek et al. 2006 composed of type I and type II modules (Ingham et al. 1988 ). This domain also binds to tissue transglutaminase (Radek et al. 1993 ) and fibrillin-1 (Sabatier et al. 2009 ). Within the 15 type III repeats reside several FN binding sites that interact with the amino-terminal assembly domain as well as three sites of alternative splicing that generate multiple isoforms. At the carboxyl terminus is a pair of cysteine residues that form the FN dimer through antiparallel disulfide bonds (Hynes 1990 ). This dimerization may be facilitated by disulfide isomerase activity located in the last set of type I repeats (Langenbach and Sottile 1999). The diverse set of binding domains provides FN with the ability to interact simultaneously with other FN molecules, other ECM components (e.g., collagens and proteoglycans), cell surface receptors, and extracellular enzymes (Pankov and Yamada 2002; Fogelgren et al. 2005; Hynes 2009; Singh et al. 2010 ). Multitasking by FN probably underlies its essential role during embryogenesis (George et al. 1993) . Furthermore, FN's interactions can be modulated by exposure or sequestration of its binding sites within matrix fibrils, through the presence of ECM proteins that bind to FN, or through variation in structure by alternative splicing.
DERIVATION AND FUNCTIONS OF ALTERNATIVELY SPLICED FN ISOFORMS
The primary gene transcript of FN is alternatively spliced to generate multiple mRNAs, each encoding a distinct FN subunit. (Hynes 1990; Schwarzbauer 1991a) . EIIIA and EIIIB are single type III modules coded for by single exons that are either included or skipped during splicing (Fig. 1) . Neither EIIIA nor EIIIB are included in plasma FN, whereas cellular FN monomers can have neither, one, or both of these extra domains. EIIIA and EIIIB modules are highly conserved having identical sequences in virtually all mammals, from humans to the giant panda (JE Schwarzbauer, unpubl.) . This conservation contrasts with other type III repeats; for example, the RGD-containing III 10 module is identical among primates but diverges in other mammals.
Splicing at the V region occurs by subdivision of a large exon that encodes the V region plus the first half of the type III 15 module (Schwarzbauer et al. 1983) . Alternative 3 0 splice sites are used to generate mRNAs encoding three splice variants: V0 which lacks the entire V region and V95 or V120 which include 95 or 120 amino acids of the V region, respectively. V0, V95, and V120 are common in mammals but humans have two additional splice variants (V89 and V64) arising from usage of a unique 5 0 splice site located 267 bases into the exon ( Fig. 1) (Mosher 1989; Hynes 1990 ). Chickens and frogs differ from mammals and have only two splice variants at the V region (Norton 1987; DeSimone et al. 1992 ). In addition, dog cartilage contains a novel splice variant that lacks the V region, III 15 and I 10 (MacLeod et al. 1996) . Most plasma FN molecules are heterodimers composed of one V0 and one V þ subunit (Hynes 1990 ). Cellular FN, on the other hand, has very few V0 subunits; most subunits are V þ , containing part or all of the V region. The exciting finding of FN alternative splicing raised the idea that each of these regions could carry out a unique function. All three sites are positioned to have an effect on cell adhesion. EIIIA and EIIIB flank the RGD/synergy integrin-binding region, whereas EIIIA and the V region reside on either side of the HepII domain (Fig. 1) . In fact, the V region has a direct role in cell adhesion by binding to a4 integrins through a site in the first 25 amino acids (called CS1) (Wayner et al. 1989; Guan and Hynes 1990; Nojima et al. 1990 ) and through a secondary CS5 site located 65 residues carboxyterminal to CS1 (Mould et al. 1991) . The V region also has effects on the activities of the HepII domain in FN fibrillogenesis (Santas et al. 2002) , and it has heparin-binding activity (Mostafavi-Pour et al. 2001 ) which may allow the V region to modulate syndecan binding to FN. EIIIA also appears to participate in cell adhesion because it binds to a4 and a9 integrins (Liao et al. 2002) and its presence in dimeric FN enhances HT1080 cell attachment (Manabe et al. 1997) . Cell binding to EIIIB has not been reported.
The V region has functions other than adhesion. The V region controls FN dimer secretion such that any V0-V0 dimers that form are retained in the ER and degraded intracellularly (Schwarzbauer et al. 1989 ). V0-V þ FN dimers are more efficiently incorporated into fibrin clots than are dimers with two V regions (Wilson and Schwarzbauer 1992) , which may explain, at least partly, the unique subunit composition of plasma FN. V þ FN is widely expressed and deposited into the ECM in essentially all tissues (ffrench-Constant and Hynes 1989; Oyama et al. 1989 ). Interestingly, however, V0-containing dimers are commonly found in tissues because a significant fraction of the FN in tissues is derived from plasma (Moretti et al. 2007 ). Some tissue-specific and disease-associated changes in V region variants have been reported (Oyama et al. 1993; Kumazaki et al. 1999; Schofield and Humphries 1999; Trefzer et al. 2006) . Monoclonal antibodies have been generated that show differential reactivity with FN in tumors and developing tissues compared to FN in normal adult tissues. Two of these so-called "oncofetal" epitopes are affected by alternative splicing. One site is recognized only when a certain Thr residue in the V region is O-glycosylated (Matsuura et al. 1988) . The other site is a cryptic region that becomes exposed with inclusion of EIIIB (Ventura et al. 2010) .
In contrast to the prevalence of V þ FN in most tissues, EIIIA and EIIIB levels are low in adult tissues (Oyama et al. 1989; Pagani et al. 1991) , but are up-regulated during development (ffrench-Constant and Hynes 1989; Pagani et al. 1991; Peters et al. 2002 ), with injury (ffrench-Constant et al. 1989 Kilian et al. 2008) , in tumors (Schwarzbauer et al. 1987; Koukoulis et al. 1993; Castellani et al. 1994; Kaczmarek et al. 1994; Astrof and Hynes 2009) , and in other diseases (Van Vliet et al. 2001; Kilian et al. 2008 (Fukuda et al. 2002; Muro et al. 2003; Tan et al. 2004) . Furthermore, neither is required for neovascularization in mice (Astrof et al. 2004 ). EIIIA-null mice are reported to have defects in wound repair (Muro et al. 2003) and are less prone to develop atherosclerotic plaques (Tan et al. 2004 ). Proliferation and FN matrix assembly by cells cultured from EIIIB-null mice were reduced (Fukuda et al. 2002) . In contrast to the relatively mild effects in single null mice, double knock out of both EIIIA and EIIIB resulted in embryonic lethality with multiple vascular defects, some of which were specific to the genetic background of the mouse strain (Astrof et al. 2007) . Although the defects in mice lacking both EIIIA and EIIIB are severe, mechanistic insights into specific functions for each splice variant in vivo remain to be uncovered.
Alternative splicing appears to contribute to protein solubility and stability. Plasma FN tends to be more soluble than cellular FN at physiological pH (Hynes 1990 ) and also contains many more V0-V þ dimers suggesting that the presence or absence of the V region may affect partitioning of FN between tissue matrices and body fluids. Inclusion of EIIIB makes FN more sensitive to proteolysis (Zardi et al. 1987 ) suggesting a role in protein stability that might allow more rapid turnover of FN at sites where EIIIB þ FN levels are high, such as during tissue remodeling where production of extracellular proteases is up-regulated. Thus, circumstantial evidence suggests that, along with any specific functions, alternative splicing might have a general effect on the properties of FN dimers and fibrils by modulating protein solubility and sensitivity to proteolysis.
FN FIBRILLOGENESIS: THE STEP-WISE CONVERSION OF FN DIMERS TO FIBRILS
Multimeric FN fibrils are prevalent in most vertebrate tissues and are the major functional form of FN (Fig. 2) . Assembly of FN fibrils is a cellmediated process that depends on binding of FN dimers to integrins (Ali and Hynes 1977; McDonald et al. 1987; Wu et al. 1993) . These receptors promote FN -FN interactions outside the cell and concomitantly link to the actin cytoskeleton via their cytoplasmic domains. Thus, they coordinate FN fibril architecture with cell shape and intracellular signaling (Wierzbicka-Patynowski and Schwarzbauer 2003; Singh et al. 2010) . We have a reasonable understanding of the steps involved in initiation of fibril assembly, but detailed information about the interactions and mechanisms as well as the events that promote fibril maturation into detergent-insoluble matrix remains to be elucidated.
The basic model for FN assembly that has emerged over the past 20-plus years depends on processes that promote cell binding, FN -FN interactions, and conversion into stable, deoxycholate (DOC) detergent-insoluble matrix fibrils (McKeown-Longo and Mosher 1983; Mao and Schwarzbauer 2005; Singh et al. 2010) . FN is secreted as a soluble, covalent dimer (Mosher 1989; Hynes 1990) , and the dimer structure is essential for fibrillogenesis (Schwarzbauer 1991b) . The dimer has a compact conformation that depends, in part, on long-range interactions between type III modules III 2-3 and III 12-14 (Johnson et al. 1999 ). This conformation prevents fibril formation in solution; fibrillogenesis is dependent on FN binding to cells (McDonald 1988) . Integrin a5b1 is the primary receptor for binding to soluble FN (Huveneers et al. 2008 ) and recognizes the RGD and synergy sites in the III 9-10 modules (Pierschbacher and Ruoslahti 1984; Aota et al. 1994) . FN binding to a5b1 induces receptor clustering which brings together bound FN dimers. Initially, the integrin-bound FN is in a compact conformation but as assembly progresses, it undergoes conformational changes to become more extended (Baneyx (Brenner et al. 2000) were fixed and permeabilized, and FN was visualized by staining with anti-FN antibodies and fluoresceintagged secondary antibodies. Fibrils (green) extend around and between the cells whose nuclei are visualized by staining DNA with DAPI (blue). Intracellular staining adjacent to the nuclei is most likely FN that is trafficking through the secretory pathway. The organization of fibrils assembled by fibroblast-like cells (A) differs from the fibril arrangements formed by blastocoel roof cells (B) which grow in a multilayered sheet. (B) Indirect immunofluorescence image of the blastocoel roof from a mid-late gastrula stage Xenopus laevis embryo shows native assembly state of the FN matrix at this stage. This is an en face view of the innermost layer of cells in the multicell layered blastocoel roof. These cells face the fluid-filled blastocoel and assemble FN fibrils on their free surfaces. FN fibrils (green) extend across surfaces of cells outlined by C-cadherin staining (blue). Cortical assembly of actin (red) is required for the formation of FN fibrils from pericellular FN that initially assembles at cell-cell boundaries. Note the apparent incomplete progression, or delay, of FN fibril assembly by some cells in the layer. These are cells that have entered the layer as gastrulation proceeds and as a consequence of radial intercalation. Once resident in this layer these cells begin to assemble matrix on their newly "free" surfaces. (Scale bars, 25 mm.)
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FN-FN Interactions during Fibrillogenesis
The amino-terminal assembly domain has an essential role in fibrillogenesis as shown by deletion, mutagenesis, and antibody-blocking studies (McDonald et al. 1987; Schwarzbauer 1991b; Sottile et al. 1991) . This domain consists of repeats I 1-5 within the amino-terminal 70-kDa fragment ( Fig. 1 ) and binds to multiple sites within FN. Two major binding sites for the assembly domain are within the first two type III repeats, one site in native III 2 and a second cryptic site that is exposed in denatured III 1 (Aguirre et al. 1994; Hocking et al. 1994 ). The III 1-2 domain has a unique structure compared to other pairs of type III modules in that it has an extra-long linker that may facilitate folding to regulate FN interactions (Leahy et al. 1996; Vakonakis et al. 2007) . Results from a variety of approaches support the conclusion that conformational changes in the III 1-2 domain are involved in FN binding to this region. Mechanical stretching of FN enhances binding of 70 kDa (Zhong et al. 1998) . Changes in the fluorescence resonance energy transfer (FRET) signal from a CFP-III 1-2 -YFP FRET sensor protein were detected on binding of 70 kDa (Karuri et al. 2009 ). Complementary mutations that eliminate a salt-bridge interaction between III 1 and III 2 increase binding of 70 kDa (Karuri et al. 2009) . A key role for III 1-2 in fibril formation is shown by blockade of assembly by antibodies to III 1-2 (Chernousov et al. 1987 (Chernousov et al. , 1991 , and by deletion of III 1-2 from recombinant FN (Sechler et al. 2001) . Furthermore, anastellin, a FN fragment containing part of III 1 , binds to FN at multiple sites in III 1-3 (Ohashi and Erickson 2005) and induces formation of fibrous FN aggregates that are DOC-insoluble (Morla et al. 1994) . These results lead to the conclusion that III 1-2 plays a critical role in FN assembly and may be essential for conversion of fibrils into a DOC-insoluble form (Morla and Ruoslahti 1992; Sechler et al. 2001 ).
The 70-kDa fragment binds to other sites in FN including the HepII domain and a cryptic site in III 4-5 (Bultmann et al. 1998; Maqueda et al. 2007 ). Current evidence suggests that these interactions are not essential for fibrillogenesis, so what might be the roles of these sites? One possibility is that FN -FN interactions at multiple sites might be needed to shift the assembly reaction toward fibrillogenesis by reducing the rate of dissociation of interacting FN dimers. Another possibility is that fibril strength and stability may be enhanced by interactions along the length of the FN subunits, and this could reduce fibril breakage in response to the application of force (Engler et al. 2009 ). If fibrillogenesis works, in part, like a zipper, then a third possibility is that multiple interacting sites may act like zipper teeth with the alignment of FN molecules determined by the initial interaction. Finally, it is possible that the cryptic sites may become exposed only after FN is within a fibril which might position them to initiate fibril branching (Singh et al. 2010 ). All of these potential mechanisms for fibril formation and function remain to be tested.
FN Receptor Requirements and Intracellular Connections
FN binding to integrins promotes formation of adhesion complexes where integrin cytoplasmic tails make connections with the actin cytoskeleton (Dubash et al. 2009 ). The continuity of interactions from FN through integrins to actin stress fibers is critical for matrix assembly. Stress fibers, which are contractile actin-myosin filaments, generate tension at sites of contact between integrins and FN. a5b1 integrin engagement with the cytoskeleton allows these receptors to translocate away from these contact sites along actin filaments (Pankov et al. 2000) and, in the process, to pull on bound FN molecules and promote fibrillogenesis (Pankov et al. 2000; Ohashi et al. 2002) . Treatments that stimulate cell contractility are known to induce conformational changes that expose FN binding sites (Zhong et al. 1998) and to enhance incorporation of FN into fibrils . Although a5b1 integrin is primarily responsible for FN matrix assembly, other integrins can form FN fibrils but appropriate stimulation, such as with Mn 2þ or with activating antiintegrin antibodies, is usually required in vitro. These other integrins include a4b1 (Sechler et al. 2000) , avb1 (Zhang et al. 1993; Yang and Hynes 1996) , avb3 (Wennerberg et al. 1996; Wu et al. 1996; Takahashi et al. 2007) , and aIIbb3 (Olorundare et al. 2001) . Syndecan-1 and syndecan-2 also participate in FN assembly (Klass et al. 2000; Galante and Schwarzbauer 2007; Stepp et al. 2010) .
Focal adhesion kinase (FAK) is activated by integrin binding to FN. Its activation is essential for matrix assembly in vitro, and matrix is significantly diminished in FAK-null embryos (Ilic et al. 2004) . Many other signaling molecules are activated by integrin binding to FN, but inhibition or knockdown of these molecules, including Src, paxillin, PI-3-kinase, and protein kinase C, delays but does not eliminate fibrillogenesis (Somers and Mosher 1993; Wierzbicka-Patynowski and Schwarzbauer 2002; Wierzbicka-Patynowski et al. 2007 ). There appear to be parallel or overlapping sets of signaling pathways that can support matrix assembly and, if one pathway is blocked, other downstream molecules can be recruited to take their place.
One key molecule in regulating assembly is Rho GTPase. Activation of Rho GTPase and downstream Rho kinase stimulates cell contractility (Yoneda et al. 2005; Dubash et al. 2009 ) and plays a critical role in fibrillogenesis Zhong et al. 1998; Yoneda et al. 2007 ). Modulation of Rho activity affects the incorporation of FN into matrix fibrils and changes matrix reactivity with certain antibodies Zhong et al. 1998; Smith et al. 2007 ). Importantly, Rho action exposes binding sites required for FN -FN interactions (Zhong et al 1998) . In fact, contractility promotes integrin engagement of FN's synergy site and thus increases a5b1-FN bond strength (Friedland et al. 2009 ); this effect on bond strength could explain why the synergy site is required for matrix assembly (Nagai et al. 1991; Sechler et al. 1997) . Fibrils within a matrix are under significant tension and relax to as little as one-quarter of their original length when tension is removed, for example, when one end of a fibril is released from its attachment site (Ohashi et al. 1999 ). Thus, cell contractility and tension are needed to initiate fibrillogenesis and to maintain fibril architecture in established matrices.
Fibrillogenesis and Conversion to DOC Insolubility
Initiation of assembly depends on FN binding to integrins and subsequent conformational changes in bound FN. These events lead to interactions between FN dimers to form multimers and short fibrils that are soluble in DOC detergent (Choi and Hynes 1979; McKeownLongo and Mosher 1983) . FN dimers associate end-to-end (Dzamba and Peters 1991) , and continued deposition then serves to lengthen and thicken the fibrils. With time, FN fibrils are irreversibly converted from DOC-soluble into DOC-insoluble matrix (Choi and Hynes 1979; McKeown-Longo and Mosher 1983) . Fibril insolubility appears to depend on strong noncovalent, protein -protein interactions (Chen and Mosher 1996; Ohashi and Erickson 2009) and is likely to involve b-strand exchange interactions as have been observed in the formation of amyloid-like fibrils in a solution of partially denatured III 9 modules (Litvinovich et al. 1998 ). Insoluble FN matrix may form through a dock-and-lock mechanism (Esler et al. 2000) in which FN dimers first associate reversibly with fibrils and then undergo conformational changes to become irreversibly incorporated into fibrils. Recombinant FN with III 1-2 deleted (FNDIII 1-2 ) was severely deficient in conversion into DOC-insoluble material (Sechler et al. 2001) which suggests that this domain may participate in forming strong protein interactions. However, strong interactions involving other domains are possible because a recombinant FN that lacks a larger region (FNDIII 1-7 ) forms DOC-insoluble matrix at a more rapid rate than wild type FN (Sechler et al. 1996) .
FN fibrillogenesis and formation of DOC-insoluble matrix influence the onset and progression of certain diseases. For example, mutations in FN have been linked to the hereditary kidney disease glomerulopathy with fibronectin deposits (GFND) (Castelletti et al. 2008) characterized by granular deposits of FN aggregates (Strøm et al. 1995) . Two of the mutations associated with this disease are in FN repeat III 13 and cause a reduction in heparin-binding activity. These mutations may also affect syndecan binding to the HepII domain. Because syndecan-2 is required for FN matrix assembly (Klass et al. 2000; Galante and Schwarzbauer 2007) , this disease may progress through loss of syndecan -FN interactions resulting in disorganized fibrils. Clearly, much more research is needed about how FN matrix becomes insoluble and how dysregulation of this step contributes to diseases and scarring.
FN FIBRILLOGENESIS: DEVELOPMENTAL MECHANISMS AND CONSEQUENCES OF ASSEMBLY
FN was a primary early focus of analyses of ECM functions in embryogenesis and it has been implicated in many fundamental developmental processes (Dzamba et al. 2001; Astrof and Hynes 2009; Rozario and DeSimone 2010) . Unlike many other ECM proteins including the collagens and laminins, FN appears to be a chordate innovation. FN-like genes have yet to be identified for any protostome (Hynes and Zhao 2000; Rubin et al. 2000) or nonchordate deuterostome (Whittaker et al. 2006; Tucker and Chiquet-Ehrismann 2009 FN is expressed early in vertebrate embryogenesis, and initial studies of both avian (Critchley et al. 1979; Duband and Thiery 1982; Sanders 1982) and amphibian embryos (Boucaut and Darribere 1983a,b; Lee et al. 1984 ) revealed that FN is assembled prior to the initiation of gastrulation movements. During gastrulation, an elaborate network of FN is detected predominantly at the basal surfaces of the endoderm and ectoderm in the chick (Krotoski et al. 1986 ) and along the blastocoel roof in amphibians (Lee et al. 1984) consistent with the role of the FN matrix as a migratory substrate for the mesoderm. The importance of FN to mesoderm migration was subsequently confirmed using blocking antibodies and RGD-containing peptides in both systems (Boucaut et al. 1984a,b; Brown and Sanders 1991; . FN and other ECM proteins including laminins and tenascin have also been suggested to provide guidance cues for many other cells and tissues including primordial germ cells in frogs (Heasman et al. 1981 ) and mice (ffrench-Constant et al. 1991) , and avian neural crest (Duband and Thiery 1982; Rovasio et al. 1983; Boucaut et al. 1984) . Targeted disruption of the FN gene in mice is embryonic lethal, and these embryos display severe defects in mesoderm development affecting notochord and somite formation, and normal development of the heart and vasculature (George et al. 1993; Georges-Labouesse et al. 1996) . Morpholino knockdowns of FN in zebrafish are also characterized by failures of mesoderm migration and somite boundary formation (Jülich et al. 2005; Latimer and Jessen 2010) . In the zebrafish natter mutant, which lacks one of the two FN genes expressed in this species, defects in heart tube formation are observed and attributable to failures in organization of the myocardial epithelium but not myocardial cell migration per se, even though initiation of cell movement does appear to require deposition of FN specifically at the midline (Trinh and Stainier 2004) . Clearly, these and other studies of FN and its many roles in embryonic development point to the importance not only of proper regulation of FN expression but also the localized assembly of FN-containing ECM at the right "times and places" to promote normal morphogenesis and differentiation.
Importance of FN Fibrillogenesis and Assembly States
How ECM is assembled at cell and tissue surfaces has become an increasingly important question in large part because of a growing realization that the three-dimensional (3D) organization of the ECM can have distinct instructive properties in terms of cellular responses. FN, along with other ECM glycoproteins, collagens, and proteoglycans, are assembled into complex 3D microenvironments that provide structural support to cells and tissues, and restrict the diffusion of growth factors and other soluble signaling molecules to direct or influence cell behavior, proliferation and growth, gene expression, and cell fate specification (Rozario and DeSimone 2010) . The physical and mechanical properties of the ECM and corresponding mechanisms of rigidity-sensing used by cells in contact with it also play important roles in these processes (McBeath et al. 2004; Paszek et al. 2005; Engler et al. 2006) . During embryogenesis, matrix assembly is initiated and assembled matrices are subsequently remodeled as development proceeds. This raises the interesting possibility that progressive changes in assembly state can serve to regulate cell behaviors, possibly by acting as a developmental "checkpoint" for subsequent morphogenetic and/or cell-fate decisions.
Regulated FN deposition is essential for cleft formation during epithelial branching morphogenesis with both localized synthesis and transient assembly of FN observed at sites of forming clefts (Sakai et al. 2003) . Inhibition of FN assembly or knock-down of FN synthesis blocks cleft formation and branching, whereas the addition of exogenous FN promotes these processes. Interestingly, the assembly of FN at sites of cleft formation was associated with a reduction in cadherin-dependent cell -cell adhesions suggesting a possible mechanistic link or adhesive "crosstalk" critical for branching morphogenesis to proceed (Sakai et al. 2003) . Onodera et al. (2010) recently identified the Btbd7 gene as a key regulator of branching in this system. Btbd7 is expressed by cells in the emerging clefts in response to local FN accumulation. Btbd7 induces Snail2 and suppresses E-cadherin expression thereby promoting morphogenetic changes required for cleft formation.
Methods used to block or disrupt the normal deposition and assembly of FN fibrils in embryos have included injection of RGD peptides, antibodies directed against b1 integrins (Darribere et al. 1990) or FN (Marsden and DeSimone 2001) , and the expression of integrin b1 dominant-negative constructs (Marsden and DeSimone 2003) . However, these manipulations effectively block initial FN binding to cell surfaces. Thus, any contributions of intermediate states of assembly to a given developmental process are not readily resolvable using such reagents. Darribere and Schwarzbauer (2000) injected recombinant forms of FN into amphibian blastula-stage embryos that coassembled with endogenous FN and formed disorganized chimeric matrices. Gastrulation movements were perturbed in these embryos highlighting the importance of ECM architecture in directing normal cell behaviors. Nakatsuji and Johnson (Nakatsuji et al. 1982; Nakatsuji and Johnson 1984) have proposed that the physical orientation of assembled FN fibrils along the blastocoel roof is critical for directed cell migration of the mesendoderm; however, it remains unclear whether contact guidance is an intrinsic property of the fibrillar network laid down in vivo. Nevertheless, there is ample evidence that FN fibrils are critical for normal mesendodermal protrusive behaviors (Winklbauer and Keller 1996; Nagel and Winklbauer 1999) possibly through a chemotactic mechanism involving the sequestration of PDGF by assembled fibrils (Nagel et al. 2004) . Although artificial substrates conditioned with the fibrillar matrix of the blastocoel roof clearly support the directional migration of mesendodermal cells and explants in vitro Johnson 1983, 1984; Shi et al. 1987; Winklbauer et al. 1992 ), mesendoderm will still move directionally toward the animal pole in the presence of nonfibrillar FN if the normal circular geometry of the tissue is maintained (Davidson et al. 2002; Rozario et al. 2009 ).
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More recently, a 70-kDa amino-terminal fragment of FN known to block FN fibril assembly ( Fig. 1) (McKeown-Longo and Mosher 1985; McDonald et al. 1987 ) was used to prevent the nascent pericellular FN matrix that first accumulates along the blastocoel roofs of blastula and early gastrula-stage Xenopus embryos (Fig. 2 ) from forming fibrils (Rozario et al. 2009 ). FN fibrillogenesis normally proceeds in this system coincident in space and time (Davidson et al. 2004 (Davidson et al. , 2008 with the three major morphogenetic movements that drive gastrulation (radial intercalation and epiboly, mediolateral intercalation and convergent extension, and mesendoderm migration), each of which has been shown to require FN (Winklbauer and Keller 1996; DeSimone 2001, 2003; Davidson et al. 2002 Davidson et al. , 2006 . Inhibition of FN fibril assembly but not FN binding to cell surfaces has no apparent effect on axis elongation indicating that convergent extension is largely unaffected in the absence of FN fibrils. In contrast, radial intercalation of blastocoel roof cells is perturbed when FN fibrillogenesis is blocked, resulting in a failure of epibolic spreading and thinning of the blastocoel roof (Rozario et al 2009) . Randomization of the normally parallel alignment of mitotic spindles in dividing roof cells also occurs in the absence of FN fibrils and this likely contributes to the failure of these cells to intercalate properly; polarized cell division was shown previously to be required for normal morphogenetic movements in Xenopus gastrulae (Marsden and DeSimone 2001) and in other systems (Wei and Mikawa 2000; Gong et al. 2004 ). Finally, the velocity of mesendoderm cell migration along the blastocoel roof is increased in embryos lacking fibrils (Rozario et al 2009) suggesting that the fibrillar FN substrate normally slows the migration of these cells, possibly because of differences in adhesive strength (Palecek et al. 1997) or integrin clustering (Guo et al. 2002) . In normal embryos, the migrating mesendoderm remodels and reduces the apparent density of fibrillar FNs assembled by the blastocoel-roof cells as they pass over it (Davidson et al. 2004) .
Together, these observations provide compelling support for the hypothesis that at least some developmental events are regulated by the physical assembly state and 3D architecture of FN-rich ECMs. Thus, how FN assembly and remodeling are spatio-temporally controlled in vivo becomes critical to our understanding of morphogenetic mechanisms and possibly the regulation of gene expression, cell fate, and proliferation. It remains to be established to what extent cellular responses to progressive changes in FN assembly state in embryos reflect actual differences in FN conformation (e.g., exposure of cryptic binding sites) and density (e.g., haptotaxis, number of cell-binding sites), and/or the overall mechanical properties (e.g., stiffness, 3D organization) and composition of the assembled matrix (e.g., binding of other matrix molecules, growth factors and cytokines).
Unlike the situation with 2D or even 3D cellculture models, FN matrix assembly in embryos frequently proceeds coincident with highly dynamic cell movements and tissue rearrangements. During primitive streak formation in the chick, dramatic displacements of FN and fibrillin are observed in register with epiblastic cell movements (Czirok et al. 2006; Zamir et al. 2006) . Similar correlations between FN assembly, remodeling, and cell movements are also apparent in frog embryos undergoing convergence and extension movements (Davidson et al. 2008 ). These observations highlight the importance of considering not only the biomechanical context in which fibril assembly initiates but also the likely functional roles of a FN matrix that translocates along with cells and tissues during morphogenesis. These studies underscore our limited understanding of dynamic cell-ECM interactions particularly as they relate to forces generated by the cells and tissues that drive morphogenesis in vivo.
How Is FN Matrix Assembly Initiated in Embryos?
As we have discussed, much is now known about mechanisms of FN matrix assembly based on studies of mammalian cells in culture (Singh et al. 2010) . A key feature of current models of this process involves the generation of cell tension through integrins on stiff substrates (Halliday and Tomasek 1995; Zhang et al. 1997; Zhong et al. 1998; Pankov et al. 2000) but how FN assembly initiates in vivo on the free surfaces of multicell-layered tissues is less clear. The initial assembly of FN in Xenopus embryos serves as a useful example of this problem. A pericellular nonfibrillar FN matrix first begins to assemble at the free surfaces of cells in the multilayered blastocoel roof that face the blastocoel cavity, which is a fluid-filled space rich in soluble FN (Lee et al. 1984) . FN "puncta" assembled at cell surfaces give way to an elaborate fibrillar matrix that crosses cell boundaries, and becomes thicker over time (Fig. 2) . Assembly and remodeling are surprisingly dynamic and complex with individual fibrils forming and breaking connections with one another, undergoing rapid recoil and displaying considerable movement relative to the cells on which they form (Davidson et al. 2008) . Although the question of how FN assembly is initiated in this system has been of interest to developmental biologists for many years, no obvious differences in FN or integrin a5b1 expression have been reported that could account for the tight spatio-temporal regulation of assembly; all cells in the embryo express the integrin and FN is secreted into the blastocoel at concentrations sufficient to allow assembly well before assembly begins (Lee et al. 1984; Joos et al. 1995; Winklbauer 1998) . In contrast, some of the first clues to emerge suggested that cellcell adhesion and tissue tension may instead play a critical role in regulating FN assembly (Winklbauer 1998; Dzamba et al. 2009 ).
During the period in which FN assembly begins, blastocoel-roof cells change shape from round to polygonal ), indicating that cell-cell adhesion and tension have increased (Lecuit and Lenne 2007) . Moreover, experimentally applied mechanical deformations designed to increase or decrease tension in the blastocoel roof promoted or blocked FN fibril assembly, respectively ). Overexpression of cadherins in blastocoel-roof cells also resulted in a precocious change in cell shape and early initiation of FN fibril assembly, whereas inhibition of cadherin adhesion blocked fibril formation ).
C-cadherin mediated adhesion is normally greater in the blastocoel roof than in other parts of the embryo at these stages (Reintsch and Hausen 2001) and, whereas changes in C-cadherin adhesion are known to occur during gastrulation, this does not appear to be the result of alterations in C-cadherin levels at the cell surface (Brieher and Gumbiner 1994) . So, how might cadherin adhesion normally be regulated in cells of the blastocoel roof, and can regional changes in cell adhesion regulate FN matrix assembly, an integrin-dependent process?
To address these issues, Dzamba et al. (2009) began by investigating the role of the noncanonical Wnt/PCP ( planar cell polarity) signaling pathway in FN matrix assembly. Inhibition of Wnt/PCP signaling with a dominant-negative Wnt11 construct prevented FN fibril assembly, which could in turn be rescued by expressing constitutively active forms of Rac or Rho. Surprisingly, reduced Wnt/PCP signaling had little effect on the ability of these cells to apply traction stresses to artificial FN substrates whereas average traction stresses were reduced on Ccadherin-FC substrates under these same conditions ). This result is consistent, however, with previous studies in the zebrafish in which disruptions in Wnt/ PCP signaling were correlated with reduced cadherin adhesion and tissue cohesivity (Ulrich et al. 2005) . Based on these data, a model for FN fibril assembly in tissues was proposed in which cadherin-dependent changes in cell -cell adhesion result in a reorganization of the cortical actin cytoskeleton ). A Rac-and Pak-dependent contractile event is then required for translocation of integrins with bound FN from sites of cell-cell contact where the pericellular matrix first forms. Thus, nascent cell -cell adherens-like junctions in this early embryonic tissue perform an analogous function to focal adhesions in vitro by generating the tension on integrins necessary to expose cryptic sites within FN that are required for self-association and fibril formation. It will be of considerable interest in the future to establish whether a similar mechanism(s) is widely used by other tissues in vivo to regulate FN matrix assembly.
Fibronectin Splicing and Assembly
Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005041 Both FN (Marsden and DeSimone 2001; Davidson et al. 2006; Latimer and Jessen 2010) and the Wnt/PCP pathway (Heisenberg et al. 2000; Wallingford et al. 2000) are required for convergent extension movements in Xenopus and the zebrafish. FN alone is insufficient to rescue convergent extension defects in the absence of Wnt/PCP signals (Davidson et al. 2006 ). These observations suggest that one important function of the Wnt/PCP pathway in embryogenesis is the regulation of FN matrix assembly, which in turn is required for subsequent morphogenetic movements. However, whereas FN is clearly required for the protrusive activity that drives convergence and extension movements (Davidson et al. 2006) , Wnt/PCP signals are essential for directed cell polarity. Other mechanisms have also been reported to contribute to matrix assembly in embryos. For example, syndecan-1 and -2 promote FN matrix assembly at gastrulation in Xenopus (Kramer and Yost 2002) . A connection to syndecans may extend beyond just matrix assembly because it has also been reported that syndecan-4 regulates Wnt/PCP signaling and is required for normal convergence and extension movements. In this instance, FN is proposed to act in concert with syndecan-4 to activate Wnt/PCP signaling (Muñoz et al. 2006) . Other cell-signaling pathways have been implicated in the regulation of matrix assembly in development. For example, FAK and Ena/Vasp are required for FN assembly at intersomitic boundaries in Xenopus (Kragtorp and Miller 2006) . In addition, Jülich et al. (2009) reported that Eph/Ephrin signaling is required for integrin a5b1 clustering at emergent somite borders in the zebrafish resulting in localized assembly of the FN matrix. The requirement for fibronectin and integrin a5b1 in somitogenesis is conserved among multiple vertebrate species including frog (Kragtorp and Miller 2007) and mouse (Yang et al. 1993; Yang and Hynes 1996) . The overall conclusion from these studies is that FN matrix assembly is a complex process that is tightly regulated in vivo and throughout embryogenesis. A key challenge remains the identification of mechanisms of cell adhesion, signaling, and force generation that combine to establish the proper spatio-temporal control of FN deposition.
CONCLUSIONS AND PERSPECTIVES
The integration of work from many labs has provided mechanistic insights into how soluble dimeric FN is converted into insoluble multimeric fibrils and a rudimentary understanding of the functions of multiple alternatively spliced FN isoforms. Matrix assembly requires FN, integrins, and molecules that connect integrins to the cytoskeleton. On the FN side of the plasma membrane, direct interactions with receptors combined with temporally and spatially regulated exposure of FN self-association sites orchestrate fibril formation. At the membrane, integrin clustering provides tethering sites to initiate fibrillogenesis. Inside the cell, integrin connections to the cytoskeleton align actin filaments with extracellular fibrils. Information is exchanged between inside and out through activation of specific signaling molecules (e.g., FAK and Rho), through integrin translocation, which applies tension and may induce essential conformational changes, and through crosstalk with cadherins at cell -cell contacts in intact tissues.
This sketch of the assembly process covers the major events but many mechanistic questions remain to be solved. For example, our understanding of how FN dimers are organized within a multimeric fibril is limited. Are there specific FN domains that interact to initiate fibrillogenesis or is initiation a stochastic process? Is the organization of molecules in a fibril dependent on a specific spatiotemporal process that links tension, integrin translocation, and FN conformational changes? Are FN molecules oriented within fibrils to present certain binding sites on the fibril surface? During fibril growth, are FN dimers added at the ends, laterally, or both? To address these and other questions will require new or enhanced microscopic and biochemical methods for dissecting multicomponent complexes in situ.
Innumerable studies using cultured cells to define and dissect specific steps in FN fibrillogenesis have laid the groundwork. However, stationary cells in culture may represent a specialized case of assembly because, in vivo, matrix assembly often occurs during periods of cell movement and morphogenesis. Moreover, studies in vivo and with 3D substrates in vitro show that the cellular microenvironment affects matrix assembly. A deeper understanding of the mechanisms of matrix assembly, the generation of tension, the potential roles for other ECM proteins, and fibril contributions to matrix stiffness and cell traction must take into account dynamic cellular behaviors and the biomechanics involved in promoting (or limiting) assembly.
